1. Introduction {#s0005}
===============

Metals ions including Mn^2+^, Mg^2+^, Cu^2+^ and Zn^2+^ are essential in the biochemistry and physiology of living organisms as they are required cofactors for ubiquitous enzymes, transcription factors, transmembrane transporters, growth factors and receptors [@bib1]. Deficiencies in these metal ions result in the onset of neurodegenerative diseases including Alzheimer\'s, Parkinson\'s and Menkes syndrome, while Cu^2+^ overload is associated with Wilson\'s disease [@bib2]. The incorporation of metal ions into complex scaffolds containing targeting ligands, however, has resulted in the development of anti-tumoural drug candidates [@bib3], [@bib4], [@bib5] capable of mediating apoptotic cell death through a combination of intrinsic and extrinsic pathways [@bib6]. Numerous examples of metal complexes inducing cancer cytotoxicity through apoptosis have been reported in the literature [@bib7]; this fatal mechanism relies on a class of cysteine-dependent asparate-specific proteases (caspases) that activate and execute the apoptotic process leading to characteristic morphological changes and ultimately cell death.

While the majority of cytotoxic metallodrugs act through the induction of apoptosis, the alternative pathway of autophagy has recently emerged as an attractive process to effect cytotoxicity [@bib8]. The phenomenon of autophagy was mechanistically unknown prior to the 1990\'s until seminal work by Ohsumi revealed the systematic activation and identification of genes essential in the overall pathway [@bib9], [@bib10], [@bib11], [@bib12]. Autophagy is considered as an evolutionary-conserved self-digestion, and quality control mechanism where cell survival and degradation processes compete in order to sustain homeostasis and regulate the longevity of proteins, nucleic acids, whole organelles and pathogenic agents [@bib13]. Under the constraints of increased and/or external stress factors, however, elevated accumulation of autophagic vacuoles and organelle elimination renders the cell incapable of normal function and thus results in cell death [@bib14]. Furthermore, autophagy can be induced and up-regulated in response to intracellular reactive oxygen species (ROS) [@bib15], [@bib16], and acts as a protective antioxidant pathway for oxidative stress associated with neurodegenerative diseases [@bib17]. The hormone therapy agent tamoxifen induces elevated levels of intracellular ROS resulting in positive feedback of Zn^2+^ accumulation, mediating the initiation of autophagy in breast cancer cell line, MCF-7 [@bib18]. Metal complexes of Ru^2+^, Pt^2+^, Mn^2+^ and Cu^2+^ are also known to activate the autophagic pathway [@bib8], however, with the exception of selected Pt^2+^-based complexes, the co-activation of apoptosis and autophagy occurs for almost all other metal compounds and is known to be ROS dependent. The current paradigm of autophagy research (in respect to human cancer) is considered to be multifold and somewhat contradictory: *i*.) it acts as a suppressor toward tumorgenesis [@bib19]; *ii.*) it is known to promote tumour survival under starvation or hypoxic conditions of low blood supply and other stress factors attributed to tumour stroma [@bib20], [@bib21]; and *iii.*) the efficient induction of autophagy can be exploited as a pro-death mechanism, particularly in apoptotic defective cancer cells [@bib22].

This group has recently reported the title compound---a Mn^2+^ *bis*−1,10-phenanthroline (phen) *di*-salt complex, bridged with octanedioate (oda) (\[Mn~2~(*μ*-oda)(phen)~4~(H~2~O)~2~\]\[Mn~2~(*μ*-oda)(phen)~4~(oda)~2~\]·4H~2~O (**Mn-Oda**))---in conjunction with a cationic Cu^2+^ analogue, \[Cu~2~(*μ*-oda)(phen)~4~\]^2+^(**Cu-Oda**) as potent *in vitro* anticancer agents with toxicity toward a panel of colorectal cancers (HT29, SW480 and SW620) linked to DNA binding and ROS induction [@bib4]. Comparison of the two agents revealed distinctive modes of action as both complexes were found to bind DNA (*K*~app~ ∼10^5^ M(bp^−1^)) with fluorescent quenching indicating possible intercalation. However, the **Mn-Oda** complex was shown to powerfully act as both a superoxide dismutase (SOD) and catalase (CAT) mimetic and elicited exceptional levels of endogenous ROS within cancer cells when examined using the intracellular indicator 2′,7′-dichlorofluorescin diacetate. Given the promising results observed for **Mn-Oda**, coupled with recent interest in the discovery of new autophagic-activating therapeutic leads, this contribution describes the sequential cytotoxic mechanism of this compound leading to autophagy and intrinsic apoptosis, initiated by superoxide (O~2~^•-^) production. To unravel these properties, an extensive range of biophysical, molecular biological, and microscopy experiments were undertaken using a variety of dsDNA polymers along with the ovarian solid epithelial cancer cell line SKOV3. Our motivation for using SKOV3 stems from its intrinsic resistance to cisplatin and our experience in using this cell line to identify the mechanistic profile of the pro-apoptotic anticancer lead \[Cu(*o*-phthalate)(phen)\] [@bib6]. Thus, in this work we delineate the cytotoxic properties of **Mn-Oda** with the Cu^2+^-phen chemotype and reveal the title complex as an inducer of autophagic cell death *via* ROS-mediated DNA damage. Further, while the complex was identified as an efficient intercalator of dsDNA, we propose intracellular DNA damage is not induced directly by the **Mn-Oda** complex, but rather by cytoplasmic exogenous stress factors that contribute toward ROS production---notably autophagosome formation, prior to apoptotic activation.

2. Materials and methods {#s0010}
========================

2.1. Materials and reagents {#s0015}
---------------------------

All chemicals used for complex synthesis were purchased from Sigma Aldrich without further purification. The following assays were purchased from Merck Millipore and procedures were followed as per manufacturer protocols: Guava Nexin® Reagent (4500-0450), Guava EasyCyte™ MitoPotential Kit (4500-0250), Guava Caspase 8 FAM and Caspase 9 SR (4500-0640) and Guava Caspase 3/7. Propidium iodide (PI, BTIU40017) was purchased from VWR. RNase A (12091-021), Alexa Flour 488 goat anti-mouse IgG F(ab)~2~ fragment (A-11020), Alexa flour 488-phalloidin (A12379), DAPI (D1306) and Mitotracker Deep Red (M22426) were purchased from Biosciences Ireland. Anti-phospho-histone H2AX (05−636) was purchased from Merck Millipore. Salmon testes DNA (D1626) and synthetic double stranded alternating co-polymers, Poly\[d(G-C)~2~\] (P9389) and Poly\[d(A-T)~2~\] (P0883) used in CD studies were purchased from Sigma Aldrich. pUC19 plasmid DNA (N3041), CutSmart® buffer (B7204), 100X BSA (B9000) and topoisomerase I (E. coli) (M0301) were all purchased from New England Biolabs. LC3 isoform LC3A rabbit monoclonal antibody (Cell Signalling) was kindly donated by Dr. Joanne Keenan while goat anti-rabbit conjugated Alex Fluor-647 (ThermoFisher) was donated by Dr. Clair Gallagher.

2.2. Drug-DNA binding interactions {#s0020}
----------------------------------

### 2.2.1. Circular dichroism spectrometry {#s0025}

Complex-DNA interactions were analysed using Starna quartz cuvettes in 10 mM PBS solution (pH 7.0) in the presence of 25 mM NaCl. Solutions of salmon testes DNA (stDNA, ε~260~ =12824 M(bp)^−1^ cm^−1^), Poly\[(d(A-T)~2~\] (ε~260~ =13100 M(bp)^−1^ cm^−1^) and Poly\[(d(G-C)~2~\] (ε~260~ =16800 M(bp)^−1^ cm^−1^) were initially heat treated to denature and then allowed to slowly renature prior to quantification using an Agilent Cary 100 dual beam spectrophotometer equipped with a 6 ✕ 6 Peltier multicell system with temperature controller, to give working solutions with a final DNA concentration of 100 µM. Spectra were captured in the range of 200--400 nm and measurements were recorded at a rate of 1 nm per second, where Θ = mdeg. DNA solutions were incubated for 30 min periods at 37 °C with **Mn-Oda** at varying concentration loadings of 1.0%, 1.5%, 2.0% and 2.5%.

### 2.2.2. Viscosity {#s0030}

Experiments were conducted using DV-II-Programmable Digital Viscometer equipped with Enhanced Brookfield UL Adapter [@bib23]. Briefly, a concentrated solution of salmon testes dsDNA was prepared by dissolving the fibres in 80 mM of HEPES buffer (pH =7.2). In order to shear dsDNA, a 15 ml solution was passed rapidly through a 19-gauge needle 15 times prior to 90 min sonication. A 15 ml stDNA solution was then prepared at \~1.0 mM in 80 mM HEPES buffer and the complex was added in ratios from 0.10 to 0.20 (where *r* =\[compound/DNA\]) and viscosity was recorded as previously reported [@bib23]. Viscosity values, η, (unit: cP) were presented as η/η~o~ *versus* \[compound\]/\[DNA\] ratio, in which η~o~ refers to the viscosity of DNA alone and η refers to that of the DNA-complex solution.

### 2.2.3. Topoisomerase I mediated relaxation {#s0035}

Topoisomerase I relaxation was carried out using a modified method of previously reported protocols [@bib24]. 400 ng of pUC19 plasmid DNA was exposed to varying concentrations of drug (0.1−400 µM) for 30 min at room temperature in a final volume of 20 µl containing 80 mM HEPES buffer (pH 7.2), CutSmart® buffer and 100X BSA. Topoisomerase I (1 unit) was added to the mixture and incubated for 15 min at 37 °C to ensure relaxation of plasmid DNA. The enzymatic reaction was quenched with SDS (0.25%), protein kinase (250 μg/ml) and incubated for 30 min at 50 °C. Samples were loaded onto 1.2% agarose gel with 6X loading buffer. Topoisomers of DNA were separated by electrophoresis in 1X TBE buffer at room temperature for 3 h min at 40 V followed by 2.5 h at 50 V. The agarose gel was post-stained using an ethidium bromide bath (25 µM) for 20 min at room temperature. Finally, the gel was soaked in deionised water for 24 h and imaged using a UV transilluminator.

2.3. In cellulo studies {#s0040}
-----------------------

### 2.3.1. Cell culture {#s0045}

SKOV3 cells were cultured in RPMI-1640 media, supplemented with 10% FBS and incubated at 37 °C in 5% CO~2~ and routinely tested for mycoplasma. Cells were seeded and left to adhere and enter cell cycle overnight. **Mn-Oda** stock solutions were prepared in PBS, carbonyl cyanide *m*-chlorophenylhydrazone (CCCP), rapamycin (Rapa) and suberoylanilide hydroxamic acid (SAHA) solutions in DMSO and doxorubicin (Dox) in 50:50 DMSO:H~2~O and further diluted in culture media. Stocks containing DMSO were prepared in the mM range to ensure final incubation concentrations contained \<0.1% v/v.

### 2.3.2. Viability {#s0050}

Cells were seeded at 5×10^3^ cells/well in a 96-well plate overnight and subsequently exposed to drug treatment for 24 h (1 μM **Mn-Oda**, 1 μM Dox, 75 μM CCCP, 50 μM Rapa and 100 μM SAHA, [Fig. S3](#s0210){ref-type="sec"}). For co-treatment experiments, antioxidants and autophagy inhibitors tiron, [D]{.smallcaps}-mannitol (Man), histidine (His), sodium pyruvate (Py), 3-methyladenine (3-MA) and NH~4~Cl, chloroquine (CQ) were treated at 1 mM (with exception of CQ at 10 μM) 2 h prior to drug exposure to facilitate intracellular accumulation. Spent media was removed, cells were detached with trypsin: EDTA (0.25%:0.02% in PBS) and whole samples (100 µl) were added to 100 µl Guava Viacount reagent and incubated for 10 min at room temperature. Viability was acquired on Guava EasyCyte HT with Viacount software.

### 2.3.3. Nexin® assay {#s0055}

SKOV3 cells were seeded at 3×10^4^ cells/well in 24-well plates overnight and incubated with drug containing media. After the exposure period, spent media was removed, cells were washed with PBS and washings were kept in 1.5 ml microtubes. Subsequently, cells were detached with trypsin and neutralised with fresh media. PBS washings were transferred back into microtubes containing detached cells and centrifuged at 1300 rpm for 5 min and culture media was aspirated. A sufficient volume of media was added to give a concentration range of 2×10^5^ to 1×10^6^ cell/ml. 100 µl of sample was transferred to 96-well round bottom plate and 100 µl of Guava Nexin® Reagent was added and incubated for 20 min at room temperature. Samples were acquired on Guava EasyCyte HT using Nexin software. Innate Dox fluorescence in filter 583/26 nm was accounted for and subtracted within the relevant quadrants.

### 2.3.4. Mitochondrial membrane potential {#s0060}

Cells were treated as previously described. Cells were resuspended in 600 µl of fresh media to give cell concentration 2×10^4^ to 5×10^5^ cells/ml from which 200 µl was transferred to a 96-well round bottom plate. 50X staining solution (4 µl) containing JC-1 and 7-aminoactinomycin D (7-AAD) was added to each sample, subsequently incubated at 37 °C in darkness (30 min) and acquired on Guava EasyCyte HT using MitoPotential software. Compensation to correct fluorescent overlap between filters was conducted pre-acquisition.

### 2.3.5. Caspase 8 FAM and 9 SR, Caspase 3/7 FAM {#s0065}

The following fluorescent labelled inhibitors of caspase (FLICA) were used to ascertain the activation of Caspase 3/7, 8 and 9 respectively; FAM-DEVD-FMK, FAM-LETD-FMK and SR-LEHD-FMK. Samples were prepared prior to staining in a similar manner as that described in the Nexin Assay. Cells were transferred to 1.5 ml microtubes and resuspended in 100 µl media. 10 µl of 10X caspase 9 SR working solution and 10 µl of caspase 8 FAM were added and incubated for 1 h at 37 °C in the dark. Cells were resuspended in 200 µl of caspase 7-AAD working solution and transferred to 96-well round bottom plate, which was left to incubate for 10 min at room temperature. Samples were acquired on Guava EasyCyte HT flow cytometer using Guava Caspase software. Compensation to correct fluorescent overlap between filters was conducted pre-acquisition and innate doxorubicin fluorescence in filter 583/26 nm was accounted for and subtracted within the relevant quadrants.

### 2.3.6. Cell cycle analysis {#s0070}

Cellular DNA content was conducted in a similar manner to previously reported methods [@bib25]. 3×10^4^ cell/well were seeded in 24-well culture plates, drug treated and collected as previously stated. After trypsinization, cells were fixed in 70% ice-cold EtOH and stored at −20 °C (\>12 h). Samples were stained with 200 µl PI staining solution (containing 50 μg/ml PI, 100 μg/ml DNase-free RNase A, 0.1% triton X-100 in 1X PBS) (30 min, room temperature). Samples were acquired on Guava EasyCyte HT flow cytometer and normalised to the sum of events in G~0~/G~1~, S and G~2~/M phases.

### 2.3.7. Immunodetection of γH2AX {#s0075}

Samples were prepared similarly to previously reported methods [@bib26]. 6×10^4^ cells/well were seeded in 12-well plates and treated for 24 h with compounds and fixed with 1.5% formaldehyde (15 min, room temperature) followed by ice-cold 70% ethanol and stored at −20 °C. Samples were resuspended in permeabilisation buffer (0.25% Triton X-100 in PBS) for 30 min on ice and blocked with 2% BSA (30 min, room temperature). Primary antibody (1:500) was incubated for 2 h at room temperature followed by secondary antibody (1:1000) for 1 h at room temperature and co-stained for 10 min with 5 μg/ml propidium iodide. Samples were acquired using ExpressPro software on Guava EasyCyte.

### 2.3.8. DNA degradation with COMET assay {#s0080}

Cells were seeded at 1.5×10^5^ cells/well in 6-well plates the evening prior to drug addition. After 24 h drug incubation, cells were harvested and 50 µl was resuspended in 500 µl low melting point agarose to give a final density of 1.5×10^5^ cell/ml. 50 µl was spread onto Trevigen COMET slides and allowed to solidify (1 h, 4 °C). Samples were lysed (2.5 M NaCl, 100 mM EDTA, 10 mM Tris. HCl, pH 10) overnight at 4 °C. Slides were allowed to equilibrate in cold electrophoresis buffer (300 mM NaOH, 1.0 mM EDTA, pH 13) for 30 mins at 4 °C. Electrophoresis was run at 300 mA for 30 min with buffer levels adjusted to give a consistent voltage of 25 V. Slides were then washed with water, neutralised in buffer (400 mM Tris. HCl, pH 7.5) (3×5 min), fixed with 70% ethanol (30 min) and dried for desiccated storage (15 min at 37 °C). Prior to scoring, slides where rehydrated for 15 min before staining with propidium iodide solution (10 μg/ml, 10 min room temperature) and imaged through a 10X lens on a Leica DFC 500 epi-fluorescent microscope. Images where then analysed using Open COMET plugin in Image J and plotted using GraphPad Prism software.

2.4. Superoxide detection {#s0085}
-------------------------

SKOV3 cells (6×10^4^) were seeded in 12-well plates and exposed to 1.0 μM of drug for 2, 6, 18 and 24 h. After drug treatment, samples were harvested, washed with PBS, resuspended in 200 µl of 5.0 μM MitoSOX Red or dihyrdoethidium (DHE) and left to incubate for 15 min at 37 °C. Samples where then resuspended in PBS and transferred to 96-well round bottom plates, and acquired on Guava EasyCyte flow cytometer using ExpressPro software.

2.5. Acquisition of confocal images {#s0090}
-----------------------------------

### 2.5.1. Cell morphology {#s0095}

Cells (1.4×10^5^) were seeded in 35 mm glass bottom petri dishes and allowed to attach overnight. Samples were then exposed to drugs for 24 h (1 μM Mn-Oda, Rapa 50 μM and SAHA 100 μM). Cells were incubated with media containing MitoTracker Deep Red (150 nM, 30 min, 37 °C) and fixed with 4% paraformaldehyde (PFA) (30 min, room temperature). Samples were permeabilised with 0.25% Triton X-100 (15 min). To avoid non-specific staining, cells were blocked with 1% BSA in PBS solution (30 min, 37 °C) and subsequently stained with Alexa Flour 488-phalloidin (10U/100ul, 30 min), followed by DAPI (4:10,000, 10 min) and mounted in ProLong Gold. Images were acquired on STED-Leica DMi8 confocal microscope equipped with CCD camera and 100X oil-immersion objective. DAPI was excited with 405 nm picoquant laser unit and emission captured between 387−474 nm. Alexa Fluor 488 was excited at 499 nm with emission captured between 490−566 nm, and MitoTracker Deep Red was excited at 653 nm where emission was captured at 658−779 nm. Images were acquired where by combinations of excitation wavelengths and emission filters for specific dyes are applied sequentially.

### 2.5.2. Autophagic detection with LC3 {#s0100}

SKOV-3 cells were seeded as previously described. Samples were fixed with 4% PFA (30 min, room temperature), permeabilised with 0.25% Triton X-100 (30 mins, 4 °C) and blocked with 2% BSA (30 min, room temperature). Cells were incubated with primary antibody (1:500, overnight at 4 °C), secondary antibody goat anti-rabbit Alexa Fluor 647 (1:1000, 1 h at room temperature) and DAPI (4:10,000, 10 min at room temperature) and mounted with ProLong Gold. Images were acquired on STED-Leica DMi8 confocal microscope with 100X lens. Alex Fluor 647 was excited with 653 nm laser and emission captured between 658--783 nm, while DAPI was excited with 405 nm picoquant laser unit and emission captured between 435--560 nm.

### 2.5.3. Autophagic detection with MDC {#s0105}

Cells were seeded in glass bottom petri dishes as previously described. Following drug exposure, samples were incubated with monodansylcadaverine (MDC) (50 μM, 37 °C, 10 min), washed with PBS and confocal images were immediately acquired on STED-Leica DMi8 confocal microscope equipped with 100X objective. Samples were excited with 405 nm picoquant laser unit and emission captured 470--560 mm. Intensity profiles were analysed using Image J V2.0 on raw images in 8-bit format without further modification. MDC coloured images were enhanced in Adobe Photoshop for printing purposes only.

### 2.5.4. Statistical analysis {#s0110}

All *in cellulo* data are presented as mean ± standard deviation where n =3. Unpaired *t*-tests with Holm-Sidak method were applied to evaluate statistical significance in GraphPad Prism V6 for all data with the exception of superoxide detection studies and viability results in the presence of autophagy inhibitors and antioxidants, where two-way ANOVAs with post-hoc analysis (Dunnett\'s test) were applied. *p*≤0.05 were considered to be statistically significant.

3. Results and discussion {#s0115}
=========================

3.1. Preparation and structure of Mn-Oda {#s0120}
----------------------------------------

The complex \[Mn~2~(*η*^1^*η*^1^*μ*^2^-oda)(phen)~4~(H~2~O)~2~\]\[Mn~2~(*η*^1^*η*^1^*μ*^2^-oda)(phen)~4~(*η*^1^-oda)~2~\]·4H~2~O was prepared according to the method reported by Casey et al. [@bib27] and contains \[Mn~2~(*η*^1^*η*^1^*μ*^2^-oda)(phen)~4~(H~2~O)~2~\]^2+^ cations and \[Mn~2~(*η*^1^*η*^1^*η*^2^-oda)(phen)~4~(*η*^1^-oda)~2~\]^2-^ anions (both of which are centrosymmetric) along with four solvate water molecules. All of the manganese centers are 6-coordinate with two bidentate phen ligands and two oxygen donors in the *cis* positions. In both complex ions two manganese centers are linked by an oda^2-^ ligand; the sixth site is occupied by water in the cation and by further oda^2-^ groups in the anion ([Fig. 1](#f0005){ref-type="fig"} A and B). Hydrogen bonding between the coordinated water molecule and the uncoordinated carboxylate groups of the anion link the complex ions into zig-zag chains and the chains are linked together by further hydrogen bonding involving the uncoordinated water molecules, generating a 3D network ([Fig. 1](#f0005){ref-type="fig"}C).Fig. 1**A.** The cation \[Mn~2~(*η*^1^*η*^1^*μ*~2~-oda)(phen)~4~(H~2~O)~2~\]^2+^, **B.** anion \[Mn~2~(*η*^1^*η*^1^*μ*~2~-oda)(phen)~4~(*η*^1^-oda)~2~\]^2-^, and **C.** hydrogen bonded chains. Hydrogen atoms omitted for clarity, hydrogen bonds indicated by black dashed lines. Redrawn from coordinates taken from reference 27. Colour key: C (grey), O (red), N (blue) and Mn (purple). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

4. *In vitro* Drug-DNA interactions reveal intercalation at the minor groove {#s0125}
============================================================================

4.1. Topoisomerase I mediated relaxation {#s0130}
----------------------------------------

Topoisomerases (Topo) are a specialised class of nuclear enzymes that catalyse the transient cleavage, passage and resealing of either a single strand (topo I) or double strands (topo II) of DNA in order to relax chain intertwinement, release superhelical tension and permit change in topology during replication, transcription and recombination [@bib28], [@bib29]. Topo I, isolated from *E. coli*, specifically relaxes negatively coiled superhelical plasmid DNA (scDNA) [@bib30], such as the pUC19 substrate used in this study. Topo I mediated relaxation of pUC19 was identified with increasing **Mn-Oda** ([Fig. 2](#f0010){ref-type="fig"}A). The complex was found to completely relax scDNA at 20 μM with positively wound topology of intact scDNA being observed thereafter. This profile is comparable to that of classical intercalating molecules such as ethidium bromide ([Fig. S1](#s0210){ref-type="sec"}) which unwinds DNA by 26° yielding similar topoisomeric patterns [@bib31]. Doxorubicin (Dox), a clinically used Topo II poison [@bib32], exhibits enzymatic inhibitory effects on the Topo I with DNA relaxation occurring at 1 μM ([Fig. 2](#f0010){ref-type="fig"}B). Samples treated with Dox extending this concentration render DNA degradation and shearing most likely through ROS generation consequent to redox cycling of the quinone moiety [@bib33], [@bib34], [@bib35], and these results in agreement with those described elsewhere [@bib36]. Thus, the **Mn-Oda** complex is capable of unwinding dsDNA *via* intercalation but does not induce DNA damage or poison topoisomerase I during this process.Fig. 2**A.** Release of topological tension of supercoiled plasmid DNA by **Mn-Oda** and, **B.** Dox. **C**. CD profile of **Mn-Oda** with stDNA and alternating co-polymers poly\[d(A-T)~2~\] and poly\[d(G-C)~2~\] at drug loadings of 1.0 -- 2.5% (respective *r* values of 0.010 -- 0.025).Fig. 2

4.2. Circular dichroism studies {#s0135}
-------------------------------

Circular dichroism (CD) spectroscopy is a powerful biophysical technique used to monitor conformational changes, drug-DNA binding interactions and structural dynamics of nucleic acids. The CD profile of classical right handed B-DNA exhibits two positive (220 nm and 268 nm) and two negative (210 nm and 246 nm) elliptical signals, while slight variations in this profile arise when the %A-T content of DNA is varied [@bib37]. Conformations of salmon testes DNA (stDNA) and synthetic alternating copolymers poly\[d(A-T)~2~\] and poly\[d(G-C)~2~\] were studied with increasing *r* (\[drug\]/\[DNA\]) values, where *r* =0.010 -- 0.025 (experiments containing \>0.025 **Mn-Oda** were found to induce noise in the resulting spectra). **Mn-Oda** exhibits a concentration-dependent enhancement of the elliptical signals that can be attributed to hydrogen bonding and stacking interactions between nitrogenous bases and the right-handedness of DNA, irrespective of A-T content ([Fig. 2](#f0010){ref-type="fig"}C). In the case of stDNA and poly\[d(G-C)~2~\], an increase in ellipticity associated with β-*N*-glycosidic linkages were also noted. **Mn-Oda**-DNA profiles were compared to that of classical non-covalent intercalating and groove binding molecules (data not shown) with structural perturbations induced by **Mn-Oda** suggesting an intercalative binding mode (268 nm), particularly at the minor groove, similar to that of EtBr since elliptical signals show an increasing trend at 210, 220 and 268 nm [@bib38]. Additional viscosity analysis further corroborated an intercalating binding motif by **Mn-Oda** on stDNA ([Fig. S2](#s0210){ref-type="sec"}).

5. Genotoxicity studies imply indirect DNA damage {#s0140}
=================================================

5.1. COMET analysis {#s0145}
-------------------

Single cell gel electrophoresis, otherwise known as the COMET assay, was employed to determine intracellular DNA damaging properties of the metal complex. Prior to analysis, viability profiles of **Mn-Oda** and Dox were identified over 24 h of exposure within the SKOV3 cell line using flow cytometry ([Fig. S3](#s0210){ref-type="sec"}). SKOV3 cells were then exposed to 1.0 μM concentrations of both agents, embedded onto agarose coated glass slides and lysed of cellular structure and nucleosome resulting in the nucleoid scaffold that allows DNA migration based on integrity, when subjected to alkaline gel electrophoresis. Single strand breaks (SSB) and double strand breaks (DSBs) were visualised through fluorescence microscopy ([Fig. 3](#f0015){ref-type="fig"}B). We selected the clinical anti-tumour antibiotic Dox as a positive control due to its DNA intercalating capacity, ROS generation and topoisomerase poisoning effects. The frequency distribution of the COMET tail moment induced by **Mn-Oda** ([Fig. 3](#f0015){ref-type="fig"}A) showed a departure from the control profile, with a higher number of events occurring between tail moments of 40 and 20 (A.U.). Dox, however, exhibited a dispersed array of tail moments with values reaching 240 a.u. and an elongated tail, extending residual DNA damage and reduced fluorescence intensity of the comet head. These results are in agreement with Manjanatha *et al.* who reported Dox-induced ROS could generate both direct and indirect DNA damage as indicated by the COMET assay [@bib39].Fig. 3SKOV3 cells were treated with 1.0 μM **Mn-Oda** and Dox for 24 h and subsequently studied in the following assays. **A.** Comet assay analysis where the frequency of tail moment (A.U.). **B.** Examples of typical COMET shapes are represented below respective legends. **C.** Cell cycle histograms and, **D.** Cell cycle phase (G0/G1, S and G2/M) distributions. E. Immunodetection of γH2AX positive cells. Not significant p\>0.05, \*p≤0.05, \*\*p≤0.01, \*\*\*p≤0.001.Fig. 3.

5.2. Cell cycle analysis {#s0150}
------------------------

In order to investigate the toxicity mechanism of the *di*-Mn^2+^ complex, the effects on SKOV3 cell cycle phase distributions were examined. All cells have an innate growth and replication cycle, the revolution of which yields cell growth (G0/G1), replication of chromosomes (S) and production of daughter cells (G2/M) [@bib40]. As shown in [Figs. 3](#f0015){ref-type="fig"}C and [3](#f0015){ref-type="fig"}D, **Mn-Oda** induces a decrease (14.3%) in the G2/M phase and enrichment within the S (synthesis) phase (7.4%) when compared to the untreated control. A contraction of G2/M phase was also evident in Dox treated samples (10.4%) with escalation of S phase (13.3%) identified. Taken together, data here indicates that at 1.0 μM exposure over 24 h, both tested agents induce cell cycle arrest within SKOV3 in the DNA synthesis phase.

5.3. Immunodetection of γH2AX {#s0155}
-----------------------------

A primary response to dsDNA damage is the site selective phosphorylation of histone H2AX that is indiscriminately incorporated during chromatin formation [@bib41], [@bib42]. H2AX differs from other H2A histones through a carboxyl tail containing a 139-serine residue that becomes phosphorylated in the presence of DNA damage and denoted as γH2AX [@bib43]. Phosphorylated H2AX accumulate in the chromatin surrounding the site of damage, thus creating a focus for subsequent recruitment of DNA repair mechanisms. A proportional correlation is observed between the extent of DNA damage and formation of γH2AX foci thus rendering it as a pertinent method for dsDNA damage detection. Following the advent of phosphorylation, the use of recognition antibodies for γH2AX can visualise and quantify this process through fluorogenic conjugation. Immunodetection of γH2AX within SKOV3 cells was quantified using flow cytometry after 24 h of exposure to **Mn-Oda** and Dox (1.0 μM) ([Fig. 3](#f0015){ref-type="fig"}E). **Mn-Oda** was found to induce remarkably high levels of DSBs (69.4%) in the cellular population. The control agent Dox was also efficient in DSB generation within SKOV3, but results here were notably lower (39.4%).

6. Mn-Oda stimulates mild caspase 9 release but does not trigger early or late-stage apoptosis in SKOV3 cells {#s0160}
=============================================================================================================

6.1. Annexin V {#s0165}
--------------

To determine whether **Mn-Oda** induces apoptotic cell death, a number of critical biomarkers were investigated ([Fig. 4](#f0020){ref-type="fig"}). To probe this potential pathway, SKOV3 cells were again exposed to **Mn-Oda** and Dox (1.0 μM) over 24 h and activation of apoptosis was distinguished from early and late stages through the detection of Annexin V and membrane-impermeable 7-AAD. During apoptosis, membrane-bound protein phosphotadylserine translocates from the inner to outer surface of the cellular membrane and renders the negatively charged phospholipid as an accessible substrate for Annexin V [@bib44], [@bib45]. Interestingly, in these experiments, **Mn-Oda** induced minimal levels of Annexin V in the early stage of apoptosis (1.5%) with none detectable in the later stages of the 24 h time frame ([Fig. 4](#f0020){ref-type="fig"}A and B). This effect contrasts with Dox-treated SKOV3 cells, which induced 19.7% and 45.9% at these respective stages.Fig. 4Apoptotic investigation of **Mn-Oda**, **A.** Early and **B.** late apoptosis measured by the translocation of Annexin V substrate. **C.** Detection of caspase 3/7 in mid and **D**. late populations. **E.** Activation of initiator caspase 8 and **F.** caspase 9. **G.** Extent of mitochondrial depolarisation detected through bathochromic shift of JC-1 emission upon formation of J-aggregates. Not significant p\>0.05, \*p≤0.05, \*\*p≤0.01, \*\*\*p≤0.001.Fig. 4.

6.2. Caspase activation {#s0170}
-----------------------

In order to confirm **Mn-Oda** cytotoxicity is provoked through a non-apoptotic cytotoxic pathway, a range of essential components in the form of caspases that contribute to the initiation and execution of this process, were investigated ([Fig. 4](#f0020){ref-type="fig"}C-F). Stimulation of the intrinsic apoptotic pathway results in cytosolic release of cytochrome *c* and thus activation of caspase 9 within the apoptosome [@bib46], [@bib47]. An alternative route of origin also exists through extracellular death factors that stimulate the activation of caspase 8 [@bib48], [@bib49]. Both caspase 8 and 9 result in the consequential activation of executioner caspases such as 3 and 7 that commence an irreversible cascade of proteolytic degradation and membrane collapse, precipitating in programmed cell death [@bib46], [@bib47]. **Mn-Oda** treated cells did not promote sufficient production of initiator caspase 8 ([Fig. 4](#f0020){ref-type="fig"}E) but did activate caspase 9 by 13.2% ([Fig. 4](#f0020){ref-type="fig"}F). However, a marginal increase only (4.4%) was observed in early apoptotic detection of executioner caspases 3/7 ([Fig. 4](#f0020){ref-type="fig"}C), but not in the latter stages ([Fig. 4](#f0020){ref-type="fig"}D). As expected, Dox had a significant effect on the activation of caspase 3/7 (Figure C and D) with activation, and subsequent apoptosis ([Fig. 4](#f0020){ref-type="fig"}A and B) originating *via* the intrinsic pathway ([Fig. 4](#f0020){ref-type="fig"}F).

6.3. Mitochondrial depolarisation {#s0175}
---------------------------------

Due to the ability of **Mn-Oda** to generate intracellular ROS [@bib4], changes in mitochondrial transmembrane potential (ΔΨm) were investigated; reduction of the redox potential across inner and outer mitochondrial membranes is also a characteristic of apoptotic induction. Depolarisation measurements were obtained using fluorogenic dye JC-I. The protonophore, and known uncoupler of ΔΨm, carbonyl cyanide *m*-chlorophenyl hydrazine (CCCP) [@bib29], [@bib30], was employed as a positive control and found to depolarise 55.3% of the sample population while **Mn-Oda** induced 11.7% depolarisation---a marginal increase in comparison to Dox-treated and non-drug treated cells (6.0% and 4.6% respectively) ([Fig. 4](#f0020){ref-type="fig"}G). Rather than **Mn-Oda** directly influencing deterioration of transmembrane potential, the extent of depolarisation is most likely due to the stimulation of intrinsic apoptosis. Fluorescent quantification of these apoptotic biomarkers, in combination with cytosolic caspases and Annexin V, suggests that **Mn-Oda** does not directly activate apoptosis as the primary mechanism of cell death to account for the 46% decrease in cellular viability ([Fig. S3](#s0210){ref-type="sec"}).

6.4. Mn-Oda stimulates autophagy prior to apoptosis {#s0180}
---------------------------------------------------

Owing to low levels of caspase 9, the extent of mitochondrial depolarisation and lack of Annexin V and caspase 3/7 detection, there is limited evidence here to suggest that **Mn-Oda** directly induces cell death *via* apoptosis. It is likely, therefore, that apoptotic initiation is a downstream effect mediated by an alternative mechanism and this prompted us to investigate the activation of autophagy triggered by **Mn-Oda**. The autophagy pathway is a lysosomal degradation process, monitoring the homeostasis, longevity, turnover of biomolecules and organelles, while replenishing the nutrient pool particularly under starvation conditions [@bib50]. This complex pathway consists of sequential stages from initiation, nucleation, elongation and finally maturation through the activation and post-transcriptional modification of autophagy related proteins (ATG) ([Fig. 6](#f0030){ref-type="fig"}A) [@bib15], [@bib20], [@bib50]. In order to evaluate the mechanistic pathway for **Mn-Oda** induced toxicity, fluorescent staining with monodansylcadervine (MDC) was primarily monitored. MDC contains a fluorogenic dansyl moiety conjugated to a terminal amine that facilities accumulation and ion trapping in low pH environments such as those found within autophagolysosomes [@bib51]. Autophagy inducers employed in this study were: ***i.***) rapamycin (Rapa), which inhibits mammalian target of rapamycin (mTOR) complex 1 [@bib52], [@bib53], a downstream protein involved in the PI3K-AKT-mTOR regulation pathway, and ***ii.***) suberoyanilide hydroxamic acid (SAHA), an inhibitor of histone deacteylase (HDAC) that induces transcriptional expression of LC3 and mTOR activation [@bib54], independent to apoptosis ([Fig. 6](#f0030){ref-type="fig"}A). Non-treated cells demonstrate minimal fluorescence emission of MDC from innately present lysosomes ([Fig. 5](#f0025){ref-type="fig"}A). Accumulation of MDC in spherical structures was observed upon **Mn-Oda** and Rapa treatment with localisation observed in the perinuclear region. Upon complex treatment, quantification of fluorescent intensities ([Fig. 6](#f0030){ref-type="fig"}B) revealed enhanced emission profiles due to accumulation of MDC in autophagolysosome when compared to non-treated SKOV3 cells, indicating the induction of **Mn-Oda**-mediated autophagy. Given that MDC specificity for selective accumulation in autophagic vacuoles has been debated [@bib55], further evidence of **Mn-Oda** triggered autophagy was identified through aggregation of the autophagic marker LC3. Cytosolic LC3 (LC3-I) is proteolytically cleaved by Atg4, converted to its lipidated form (LC3-II) upon phosphatidylethanolamine (PE) binding [@bib56], and incorporated into the autophagosomal membrane [@bib15]. Non-discriminate immunodetection of LC-3 showed dispersion within the cytosol in the non-treated control ([Fig. 5](#f0025){ref-type="fig"}B). Autophagosome and consecutive autophagic vacuole formation is evident in Rapa and **Mn-Oda** treatments with the identification of LC3-II punta, supporting that the cytotoxic mechanism of **Mn-Oda** is attributed to autophagy activation.Fig. 5Confocal images of SKOV3 100X treated with **Mn-Oda**, Rapa or SAHA to examine, **A**. MDC staining of acidic vacuoles (blue). White lines indicate cross sections for fluorescence quantification profiles (see [Fig. 6](#f0030){ref-type="fig"}**B**). **B.** Immunofluorescent staining of LC3 (red) and DAPI (blue) control. **C.** Morphological changes in cellular structure. Nuclei were stained with DAPI (blue), F-actin with Alexa Fluor 488 conjugated to phalloidin (green) and mitochondria with MitoTracker deep red (red). All scale bars (control, bottom right) are 10 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 5.Fig. 6**A**. Schematic of autophagy pathway [@bib15], [@bib20], [@bib50]. Due to the number of autophagy-related genes (ATGs) and the complexity of their role in the autophagy pathway, the family is represented by 'ATG' (purple) for simplicity, **i.** Initiation begins with the formation of isolation membrane known as a phagophore, engulfing cytoplasmic material, **ii**. Cytosolic LC3-I is converted to the membrane-associated form LC3-II, through phosphatiylethanolamine (PE) lipidation and incorporated into autophagosomal double-membrane, **iii**. Docking and fusion of lysosome or late endosomes results in the formation of **iv**. autophagolysosome. Maturation and catabolic degradation results in recycling and restoration of nutrient stores. Autophagic inducers employed are Rapa and SAHA (purple pathway). Autophagic inhibitors are 3-methyladenine (3-MA), NH~4~^+^ and chloroquine (CQ) (orange pathway) while antioxidants utilised are tiron, mannitol (man), histidine (his) and sodium pyruvate (Py) (teal pathway). Induction was probed through immunodetection of LC3 with fluorogenically conjugated secondary antibody and monodansylcadervine (MDC), **B.** Intensity profiles (indicated in [Fig. 5](#f0025){ref-type="fig"}**A**) were analysed using Image J on raw images in 8-bit format with no further modification. **C.** Differential viability percentages in the presence of radical scavengers and autophagy inhibitors pre-treated at 1 mM (with the exception of CQ, 10 μM) 2 h prior to drug addition. **Mn-Oda**, SAHA and Rapa were treated at respective concentrations, 1 μM, 100 μM and 50 μM, over 24 h. **D.** Percentage of cellular population positive for MitoSOX Red and **E.** Dihydroehtidium (DHE) fluorescence at 1.0 μM **Mn-Oda** incubated for 2, 6, 18 and 24 h. Not significant p\>0.05, \*p≤0.05, \*\*p≤0.01, \*\*\*p≤0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 6

6.5. Cell morphology reveals Mn-Oda-promoted apoptosis {#s0185}
------------------------------------------------------

Confocal microscopy experiments were undertaken to further identify the cytotoxic effects of **Mn-Oda** within SKOV3 cells through the use of location-specific fluorogenic stains to visualise the nucleus, actin cytoskeleton and mitochondria ([Fig. 5](#f0025){ref-type="fig"}C). Untreated SKOV3 cells exhibited adherent epithelial morphology with an elongated dome shape. Distinct changes in cellular structure were observed in Rapa treated cells such as adherence contraction, enhanced elongation and cytoskeletal actin encapsulation absent of nuclear or mitochondrial debris. Cells exposed to SAHA exhibit similar contraction and elongation, with clear evidence of apoptotic bodies. **Mn-Oda** treatment, however, presents alterations in cell morphology and characteristic indicators of apoptosis, particularly with enlargement and fragmentation of the nucleus, organelle contraction, dynamic membrane blebbing and formation of apoptotic bodies [@bib57]. In conjunction with the flow-cytometric detection of caspase 9 and the loss of mitochondrial transmembrane potential, evidence here suggests **Mn-Oda** induces intrinsic apoptosis as the concluding mechanism of cell death, which is preceded by the activation of autophagy.

6.6. Initiation of autophagy is superoxide-dependent {#s0190}
----------------------------------------------------

To investigate the role of **Mn-Oda** in the activation of autophagy, we further probed cellular viability in the presence of antioxidants and autophagy inhibitors ([Fig. 6](#f0030){ref-type="fig"}C). Inhibitors of autophagy are 3-methyladenine (3-MA), which competitively binds to class III phosphatidylinositol 3-kinase (PI3K) [@bib58], [@bib59], and antimalarial agent chloroquine (CQ) which inhibits lysosomal protease degradation through accumulation of the weak base within acidic vacuoles, thus inhibiting autophagolyosome formation ([Fig. 6](#f0030){ref-type="fig"}A) [@bib60], [@bib61]. Under physiological conditions ammonium chloride (NH~4~Cl) becomes protonated, acting as a lysosomotropic agent with similar neutralisation capacity to chloroquine, and causes an increase in local pH [@bib62]. Due to the ROS generation properties of **Mn-Oda** [@bib4], antioxidants employed in this study consist of a variety of radical-specific trapping agents; tiron for superoxide (O~2~^•−^) [@bib63], mannitol for hydroxyl radical (^•^OH) [@bib64], histidine for singlet oxygen (^1^O~2~) [@bib65], [@bib66], and sodium pyruvate for hydrogen peroxide (H~2~O~2~) [@bib67]. Upon co-treatment with **Mn-Oda**, all autophagy inhibitors increased cellular viability with 3-MA and tiron at the highest extent (6.1% and 6.6% respectively). These results in conjunction with fluorescent detection of autophagic vacuoles, suggest that **Mn-Oda** promotes superoxide-mediated autophagy as hypothesised in [Fig. 6](#f0030){ref-type="fig"}A. The combination of SAHA with CQ, NH~4~Cl and 3-MA significantly increased cell survival by 10.1%, 8.3% and 10.4%, respectively. Interestingly, the most substantial increase was noted for O~2~^•−^ scavenging agent tiron (15.4%) as SAHA has previously demonstrated significant ROS generation properties [@bib68], [@bib69], which can be attributed to down-regulation of thioredoxin (TRX) a dithiol-reducing redox protein [@bib70], [@bib71], a key response to oxidative stress. The presence of autophagy inhibitors had minimal effect on Rapa viability, which could be due to the limited exposure period of 24 h; rapamycin typically exerts toxic effects within longer time-frames with IC~50~ concentrations of 25.3 μM in PEO1 ovarian cancer cells after 72 h [@bib72]. Sequestering the basal levels of O~2~^•−^ enhanced live cell populations by 4.4%, most likely as O~2~^•−^ is known to inhibit the binding of TORC1 to Rapa: FKBP12 in yeast [@bib73]. Furthermore, although rapamycin can innately generate significant levels of ROS, synergistic co-treatment with a ROS liberating co-factor, such as curcumin analogue (EF24), can lead to excessive production and enhanced cell death [@bib74]. To further probe the subcellular site of **Mn-Oda** promoted superoxide generation, we employed dihydroethidium (DHE) and the mitochondrial targeting conjugate, MitoSOX Red. Both dyes specifically become oxidised by superoxide [@bib75], resulting in fluorescence upon DNA intercalation (610 nm in chromatin and 580 nm in mitochondria). Over a time-course between 2 and 24 h at 1.0 μM **Mn-Oda** exposure, intracellular populations demonstrate increasing and selective liberation of O~2~^•−^ within the mitochondria ([Fig. 6](#f0030){ref-type="fig"}D) with 14.0% elevation noted at 24 h. Significantly, no appreciable superoxide was detected within the nucleus ([Fig. 6](#f0030){ref-type="fig"}E) with only 1.6% increase at the longest incubation period.

7. Conclusion {#s0195}
=============

Reactive oxygen species (ROS) play an integral role in the regulation and stimulation of autophagy [@bib76], [@bib77]. Previous work by the Gibson group highlighted the fundamental requirement for ROS-mediated autophagic induction under specific starvation conditions leading to the activation of superoxide (O~2~^•−^) production, either alone or in combination with hydrogen peroxide (H~2~O~2~) [@bib78]. Furthermore, the same study revealed over-expression of the antioxidant enzyme superoxide dismutase could inhibit the activation of this pathway, resulting in catalytic depletion of O~2~^•−^ to H~2~O~2~. The findings of the current study demonstrate clearly that Mn-Oda can intercalate dsDNA at the minor groove, however, unlike doxorubicin or Cu^2+^-phenanthroline derivatives [@bib4], direct oxidative damage of nucleic acids is abrogated. Instead, there is strong evidence to suggest that DSBs, identified by immunodetection of γH2AX, coupled with nuclear fragmentation observed in the COMET assay, are due to autophagic degradation initiated by complex-mediated intracellular ROS production. Combination of the *di*-Mn^2+^ complex along with mediators that hinder radical generation and autophagy, indicate cell death promoted by O~2~^•−^ production within the mitochondria. Metal-catalysed radical production does not directly influence nucleic acid degradation (evident from the absence of DNA shearing in topoisomerase relaxation), but rather functions as a signalling agent in the activation of autophagy, detected *via* MDC and immunofluorescence of LC3. Consequentially, intracellular ROS insult by Mn-Oda promotes autophagy, exceeding a critical threshold of adverse conditions, and activates apoptosis *via* the intrinsic, mitochondrial pathway (caspase 9 and mitochondrial depolarisation) as the lethal effector of cellular death. Further sensitivity may arise from the mutational status of p53 whereby depletion or point mutations can induce autophagy; in the cytosolic setting, baseline levels of p53 can inhibit autophagy under various stress factors such therapeutic, nutrient or endoplasmic reticulum strains [@bib79]. With this in mind, cancers that express mutant or null p53---such as SKOV3 [@bib80]---are more susceptible to autophagy. To our knowledge, Mn-Oda belongs to one of the few transition metal complexes to activate cell death in this sequential manner, where apoptosis is activated only in the final stages of cytotoxicity. In the wider context of metallodrug development and targeting, this complex may serve as a significant milestone in the construction of small molecule therapeutic leads that promotes alternative cytotoxic mechanisms that are not dependent on traditional apoptotic initiation.
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